Abrasive wear resistance of injection molded polycarbonate (PC) and polycarbonate + zinc oxide nanocomposites containing 0.5 wt% ZnO nanoparticles was determined as a function of the sliding direction with respect to injection flow. First we have done single scratch testing under progressively increasing the load applied. Then sliding wear testing consisting of 15 successive scratches along the same groove was performed. Neat PC shows anisotropic behavior, with instantaneous penetration depth more than 50% higher in the direction parallel to the melt injection flow than in the transverse direction. Viscoelastic recovery after scratching of neat PC is also higher in the longitudinal than in the transverse direction, hence final residual depth values are similar in both directions. The addition of ZnO nanoparticles reduces the instantaneous penetration depth in the longitudinal direction but lowers viscoelastic recovery so that the residual depth is large. In the transverse direction, the scratch resistance is similar for neat PC and the nanocomposite. Dynamic mechanical analysis, SEM/FIB results and wear mechanisms from SEM observations of wear scars are discussed. Below the glass transition region the nanocomposite has distinctly higher storage modulus E' than PC-a clear reinforcement effect. However, the addition of ZnO nanoparticles to the polymer increases the material brittleness at room temperature by a factor of 2.72.
INTRODUCTION
Improvement of tribological performance and surface stability of polymer based materials (PBM) is an important factor to increase their service lifetime. This is particularly important in a growing number of applications where PBM replace metals. Among other types of permanent damage, abrasive wear leads to the loss of finishing and optical properties.
The most frequent approaches to improve polymer tribological performance include the use of coatings, blending of polymers and addition of fillers-in particular, ceramic nanoparticles. There has already been some work on ZnO nanocomposites. 1 6 14 16 Since the surface properties of polymers may be different from those of the bulk, scratch resistance tests provide * Authors to whom correspondence should be addressed. a useful measure of abrasive wear. This is particularly true in sliding wear determination (repetitive scratching along the same groove) or under increasingly severe load and velocity sliding conditions. 10-12 23 24 Polycarbonate (PC) is an amorphous engineering thermoplastic with good processibility, low density, high transparency and strength. It is the material of choice for applications such as covers of automotive displays, optical lenses and eyeglasses. Service requirements include an improvement of the scratch resistance as well as high stability under severe environmental conditions. New polycarbonate nanocomposites 13 14 16 17 are being developed in order to improve the thermal, mechanical, electrical or optical properties of the base polymer.
Our previous work 16 17 on tribological properties of polycarbonate + ZnO nanocomposites has shown that 0.5 wt% content of ZnO nanoparticles reduces the wear rate of polycarbonate by 76% under a pin-on-disk con-figuration against steel. A good tribological performance of PC + 0.5% ZnO nanocomposite is also found under a thrust-washer contact geometry, where the composite shows higher load-carrying capacity than polycarbonate, reducing both the wear rate and the dynamic friction against steel. Given the critical role of scratch resistance of PC in many technological and structural applications, we now compare the abrasive wear resistance of our nanocomposite with that of neat PC under variable scratching conditions. Scratch resistance anisotropy has been observed in machined biaxially oriented polymers. 25 In the present work the use of injection molded specimens in scratch and wear testing allows to evaluate the influence of the sliding direction with respect to the injection flow.
EXPERIMENTAL DETAILS

Starting Materials
Polycarbonate (PC) with a molecular weight of 2.2·10 4 was supplied by Kotec Corporation, Osaka, Japan. ZnO nanoparticles with an average particle size of 53 nm were supplied by Sigma-Aldrich and have been used before. 16 17 26 
Materials Preparation
The polymer was mixed with the corresponding proportion of ZnO nanopowder filler in an ultracentrifugal mill at 18000 rpm during 30 s. After heating at 110 C for 8 hours, tensile test coupons (according to ASTM D-256) and discs ( Fig. 1) of neat PC or the nanocomposite were simultaneously injection molded at 280 o C and 9 MPa in a DEU (Spain) 250H55 mini VP injection machine with a mold temperature of 80 C and a holding pressure of 9 MPa. A final surface roughness (R a ≤ 0.8 m) was found. SEM and EDS characterization of PC+ZnO blends have been reported earlier. 16 17 
Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) was carried out using a Q800 de TA Instruments equipment under the single cantilever mode from 25 C to 170 C, at a heating rate of 3 C/min, at an oscillatory frequency of 1.0 Hz under a 1.0% strain on samples of dimensions 17 4 × 4 1 × 3 1 mm obtained from injected discs (Fig. 1) . The DMA technique has been described by Lucas and her colleagues 27 and also by Menard. 28 
Scanning Electron Microscopy (SEM)
SEM images were obtained using a Hitachi S3500N scanning microscope. The samples were sputter coated with a thin layer of gold in order to make them conductive with the aid of a SC7640 Sputter Coater of Polaron Division.
Focused Ion Beam (FIB) and Field Emission Scanning Electron Microscopy (FESEM)
A FEI Nova 200 Dual Beam apparatus comprising FIB and FESEM was used to obtain cross-sections of our nanocomposite. The combination was described in Ref. 29 FIB was used at 17 nA probe current and 15 kV accelerating voltage. Micro-sections with dimensions of 6 × 5 × 5 mm took 20 minutes at 52 of tilt, followed by 2 cycles of cleaning for 40 s.
Friction Tests
Static and dynamic friction values were recorded for polymer discs ( Fig. 1 ) sliding against stainless steel sheet according to ASTM D 1894 standard using a mechanical testing machine (Hounsfield H25KS) with a sliding velocity of 150 mm/min; the load was 392 g and the sliding distance = 150 mm. 
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Scratch Testing
Scratch tests were carried out on tensile test specimens ( Fig. 1 ) using a CSM Micro-Scratch Tester (MST) equipped with a conical diamond indenter (200 mm diameter and 120 cone angle) following the procedure described in detail before. 4 30 The scratch length was 5.0 mm and all tests were carried out at room temperature. Sliding wear was determined by 15 scratches along the same groove performed at 5.0 mm/min under a constant normal load of 2.5 N. Scratch tests under progressively increasing load between 0.03 N and 29.0 N were carried out at 2.5 mm/min. For each test, the instantaneous penetration depth R p and the residual depth R h after healing were recorded. Repeated experiments have confirmed that the shallower residual depth in our viscoelastic materials is reached inside 2 min. Therefore, R h values have in each case been determined inside 2 minutes after recording the R p values. The percentage of viscoelastic recovery f is calculated as
(1)
DISTRIBUTION OF NANOPARTICLES IN THE MATRIX
The use of unmodified ZnO nanoparticles with a high surface area for the preparation of the nanocomposite described here could give rise to a non-uniform distribution and promote the formation of aggregates, as already reported 14 and seen in the FIB-SEM images in Figure 2 . These aggregates could be responsible for the higher brittleness (see below) and the lower chain mobility. In fact, the tribological performance of our nanocomposite can be improved by adding an ionic liquid, 16 which modifies the ZnO nanoparticles. 18 Figure 3 shows the evolution of storage modulus E , the loss modulus E and tan = E /E with temperature for neat PC and the nanocomposite. The onset values of the storage modulus fall and the maximum loss modulus and tan values are listed in Table I .
DYNAMIC MECHANICAL PROPERTIES
The present results are in agreement with previously reported 14 decrease of the elongation at break b . The presence of ZnO nanoparticles increases the brittleness of PC and reduces its thermal stability; brittleness of materials has been defined 23 as
From our results at room temperature B = 0 106 for PC and 0.289 for our nanocomposite. In Table I we also see that the fall of E in the glass transition region begins at a lower temperature for the nanocomposite than for neat PC. Apparently perturbation of the structure of the neat polymer by the presence of Zn particles moves the onset of the glass transition somewhat downwards. An analysis of methods of location of the glass transition has been performed; 31 the recommendation is that the glass transition temperature T g is best located in the middle of the E fall region. We see in Figure 3 that the fall region for the nanocomposite is significantly larger than for the PC; the ZnO particles have pushed E at low temperatures upwards, an expected effect, hence a larger fall. Thus, the midpoints of both regions are close to one another. We note that variations of T g with composition for polymer + polymer 32 and also for polymer + drug systems 33 can be described by an analytical equation. Table III shows R p , R h and viscoelastic recovery values under the highest applied load. As expected, as load increases, the depth values increase. However, there is a remarkable influence of sliding direction on the penetration depth (R p values for neat PC: a 55% R p increase in the longitudinal direction with respect to the transverse direction under the highest applied load. By contrast, the composite only shows a 9.9% increase in R p in the longitudinal direction with respect to R p in the transverse direction, also under the highest load. Both materials show a similar variation of R h with sliding direction, with a 23% increase in the transverse direction with respect to the longitudinal one under the highest applied load. These results show that the viscoelastic recovery for neat PC is much higher in the longitudinal direction (88%) than in the transverse one (62.5%), while this anisotropic behavior is reduced by the presence of ZnO nanoparticles, to 71% and a 58.5%, respectively. Apparently, the presence of the ceramic particles hampers viscoelastic recovery of the chains.
FRICTION
In order to understand the mechanisms responsible for this highly anisotropic behavior of neat PC, scratching scars were observed under SEM. Figure 5(a) shows the scars on neat PC in the transverse and longitudinal directions, respectively. The longitudinal scar tip on neat PC (Fig. 5(b) ) shows a smooth crack-free appearance and the presence of wear debris particles. When the scar tip on the nanocomposite in the longitudinal direction ( Fig. 5(d) ) is observed, a cracking mechanism appears with cracks perpendicular to the sliding direction. This cracking mechanism is not present in neat PC under the same conditions ( Fig. 5(b) ) and could be due to the more brittle behavior of the nanocomposite. We recall that at 25 C B = 0 106 for PC and 0.289 for our nanocomposite.
The highest chain mobility of PC in the longitudinal direction would explain the highest penetration depth and viscoelastic recovery values.
In the transverse direction, the scar surfaces of PC and the nanocomposites (Figs. 5(c) and (e), respectively) show the presence of microcracks perpendicular to the sliding direction which cross the entire scratch groove and are a prolongation of the surface texture present outside the scar. Such as deformation mechanism would explain the more uniform viscoelastic response of both materials in the transverse direction (see Table III ). Figure 6 shows the penetration depth and residual depth values for PC and the composite as a function of the number of scratches along the same groove; the indenter slides parallel or perpendicular to the injection flow. Values after 15 scratches are listed in Table IV .
Sliding Wear
As has been previously described 10 11 for other thermoplastic materials, the increase of depth values with each new scratch on the same groove is lower as the number of scratches increases. This has been attributed to a strain hardening effect which is found in most thermoplasticswith the notable exception of polystyrene. 23 Again, neat PC shows a clear anisotropic behavior, with a penetration depth value a 64% higher in the longitudinal than in the transverse direction after a single scratch, and a 68% higher after 15 scratches. The residual depth in the longitudinal direction is also a 45% higher than in the transverse direction after a single scratch, but this difference is reduced or disappears after 10 scratches. As a result, a 77% viscoelastic recovery is reached after 15 scratches in the longitudinal direction, and only a 48% in the transverse direction. This anisotropy is again reduced in the case of the nanocomposite, with a 58% viscoelastic recovery in the longitudinal direction and a 48% in the transverse one.
The scratch behavior of both materials in the transverse direction is very similar. The presence of ZnO nanoparticles induces only a slight reduction (5%) in the residual depth value after 15 scratches in the transverse direction with respect to neat PC, the viscoelastic recovery is similar for both materials. Figure 7 shows that for neat PC the longitudinal multiscratching groove (Fig. 7(a) ) presents a smooth surface with some wear debris particles adhered to it. In the transverse direction ( Fig. 7(b) ) microcracks propagate from the outer surface texture and cross the scar perpendicularly to the sliding direction. The repeated sliding of the indenter along the same groove in the longitudinal direction produces an accumulation of plastically deformed layers-as can be observed in a SEM micrograph of the scar edge under a higher magnification (Fig. 7(c) ) for neat PC. For the nanocomposite the scar edge after 15 scratches (Fig. 7(d) ) shows a fractured surface. This is in agreement with the more brittle response of this material, and agrees with the lower viscoelastic recovery of the nanocomposite in the longitudinal direction. It has been suggested, 9 that interactions between chains in the polymer network may play an important role in the abrasive wear resistance of polycarbonate. The molecular mobility of the polymer chains depends on the free volume. Earlier, 23 24 we have demonstrated a relationship between the scratch resistance of polymers and their free volume and brittleness. It is well known 34 that the orientation in an injection molded polymer varies over the cross section and along the flow. The elongation at break and stiffness are generally higher in the direction parallel to the orientation than in the direction perpendicular to it.
Under conventional tensile test, 14 our nanocomposite shows a 73% reduction in elongation at break with respect to neat PC; thus a lower viscoelastic recovery should be expected for the nanocomposite than for the neat polymer. In the case of neat polycarbonate, the enhanced chain slippage in the longitudinal direction would favor the deformation and recovery processes due to chain mobility.
In a similar way, the presence of ZnO nanoparticles within the polycarbonate matrix could reduce its ability to absorb the applied stress due to interactions between the large surface area nanoparticles and the polymer chains, thus limiting the slippage of the chains and leading to a more brittle failure. This apparently accounts for a similar response of both materials under scratching in the transverse direction.
Under severe wear damage of the pin-on-disc and thrust-washer contact conditions, 14 the degree of viscoelastic recovery is negligible, higher hardness and stiffness of the nanocomposite are responsible for the improved tribological performance.
A SURVEY OF RESULTS
The scratch resistance of polycarbonate depends on the sliding direction with respect to polymer chain orientation with injection flow. Under the experimental conditions studied here, the viscoelasic recovery of polycarbonate is higher in the longitudinal (parallel to the injection flow) than in the transverse (perpendicular to the injection flow) direction.
The addition of a 0.5 wt.% of ZnO nanoparticles increases the storage modulus and reduces the glass transition temperature of polycarbonate.
The effect of ZnO nanoparticles on the scratch resistance of polycarbonate depends on experimental conditions, but always reduces the anisotropic behavior of PC with sliding direction due to interactions between the nanoparticles and the polymer network.
The different response with sliding direction found in PC and the nanocomposite are related to the deformation mechanisms that operate in each case. In agreement with its higher brittleness, the nanocomposite always shows a cracking mechanism, while neat PC shows cracking only in the transverse direction.
